The vortical structures in the rear separation and wake region produced by a micro-ramp that immersed in a supersonic turbulent boundary layer are investigated. The small scale separation was reveled close to the trailing edge and confirms the previous experimental observation. Between the reverse region and surrounding fast moving flow, a three-dimensional shear layer was formed, where vortices are generated. By using vortex line method, those spiral points were understood as the cross sections of the Ω-shaped vortices that follow the shape of the separation. The vortical structure was analogous to that in the wake region, where similar Ω-shaped vortex can be observed and follows the deficit region caused by the micro-ramp. Finally, the revealed flow topology was conceived beneficial to study the wall bounded turbulence which involves similar vortical structure but in a smaller scale, while the vortical pattern in the current micro-ramp wake is larger.
I. Introduction
The micro-ramp is a type of micro-vortex generator (MVG), it has been demonstrated an effective tool in reducing flow separation caused by shock wave/boundary layer interactions (SWBLIs) [1] [2] [3] [4] . In order to establish a better design of the micro-ramp, fundamental studies have been carried out to understand the flow physics of the micro-ramp flow [5] [6] [7] [8] [9] [10] [11] . New observations have recently been reported, such as the ring-shaped vortex and the interaction mechanism between the ring vortex and shock wave [6] [7] [8] 10, 11 . These larger scale structures take place in the wake region, which is relatively downstream of the micro-ramp. However, less focus has been placed towards the smaller scale structures in the flow close to the micro-ramp. A few forgoing studies have investigated the flow that takes place around the micro-ramp 10, 12 . Among those explorations, a common observation is the flow separation at the junction between the micro-ramp trailing edge and the flow floor. This rear separation was first observed by Babinsky et al. 1 through oil flow visualization as oil accumulation happened there (see Fig.   1 (a)). Continued investigations were carried out by Li et al. 10 using implicit large eddy simulation (ILES), through which the detailed flow topology around the micro-ramp has been studied. By plotting the limiting streamlines, spiral points were observed close to the place where flow separation happened (see Fig. 2 (a)), and it was then proposed as an imprint of an additional secondary vortex. The following experiment carried out by Lu et al. 12 confirmed the separation regions by surface flow visualization using bands of fluorescent mixture (see Fig. 1(b) ). By post-processing the acquired visualization images, the spiral points were clearly revealed (see Fig. 2 (b) The spiral points in the experiment of Lu et al. 12 .
(c) The vortex filaments from the experiment of Lu et al. 13 .
II. Numerical Algorithm and Case Description
Since the current study is based on the substantial and mature ILES database that have been explained extensively in the previous publications and conference proceedings, the numerical algorithm and case description are briefly introduced in this section, for the detailed knowledge of utilized ILES methodology the readers can refer to the previous publications 6, 7, [9] [10] [11] .
A. Numerical Algorithm
The non-dimensional Navier-Stokes equations in conservation form written in Cartesian coordinates were solved as the governing equations. A fifth-order WENO scheme was used to discretize the convective terms. A fourth-order central difference scheme was used to discretize the second-order transport terms. The explicit third-order TVD-type Runge-Kutta scheme was utilized for temporal discrtization. 
B. Case Description
The micro-ramp followed the suggestion of Anderson et al. 14 , the width and chord length of the device are w=5.875h and c=6.25h, respectively. A declining angle of 70 degrees is applied. The geometry of the micro-ramp is plotted in Fig. 3 . 
Re θ 5760
The simulated flow was at Ma=2.5. The inlet portion of simulation domain extends approximately 11.52h, a ratio of h/δ 99 =0.431 is hence achieved in the immediate upstream of the micro-ramp, which means the micro-ramp is deeply immersed inside the boundary layer. The displacement thickness of the undisturbed boundary layer is δ*=0.323h, and the momentum thickness is θ=0.229h, the incompressible shape factor is then determined to be H=1.407. The flow information is summarized in table 1.
The simulation domain has a streamwise extension of 50.07h. The coordinate origin is located at the junction of the micro-ramp trailing edge and the flow floor. The inlet is place at x/h=-17.77. The floor behind the micro-ramp remains flat for a length of 19.5h, after which a compression ramp is installed. The half width of the domain is 3.75h and the height extends from 10h to 15h. The computational domain is sketched in Fig. 3 . A grid system of nx×n y ×n z =1600×190×128 nodes is implemented to discretize the flow domain. Both code validation and grid refinement have been performed to make sure the simulation is carried out on a confident ground 9 .
III. Results and Analysis

A. Two-Dimensional Representation of the Rear Separation
According to the previous studies, the separation region is recognized as a common phenomenon.
By plotting the contours of u at different heights close to the micro-ramp, the flow organization is evident. Figure 4 (a) is the contour of u at y/h=0.018. Two regions with reverse u are obviously observed and their positions are similar to the observations in oil flow visualization (see Fig. 1(a) ). The reverse flow obtains a magnitude of approximately 0.2U ∞ at this height and has a streamwise extension of about 2.0h. Thus a shear is formed as the border of the reverse region and surrounding downstream moving fluid. According to the overlaid projected streamlines, three vortices (labeled as V1, V2 and V3
in Fig. 4(a) ) are produced at the edge of the reverse regions, among which V2 and V3 appear in pair and have counter rotation, while V1 stays at the outer edge. Note that the slices in Fig. 4 are extracted from the same snapshot as that in Fig. 2(a By examining the evolution of the reverse flow along the wall-normal direction, it obtains a larger base portion and a thinner body at higher elevation. A mountain-shaped reverse flow region can thus be imagined. The three-dimensional representation of the separation region is illustrated in Fig. 5 through isosurface of u with a value of -0.01U ∞ . All the stronger reverse flow is inside the current isosurface. It should be noted that a third reverse flow region is present along the trailing edge.
Till this point, questions can be raised regarding the revealed vortices in the Fig. 4 : what is their three-dimensional organization? Are they related in space? These questions can be answered by analyzing the vortex line. In Fig. 6 five vortex lines are plotted in the vicinity of reverse region 1. Note that the second vortex line from left in Fig. 6 (a) passes through V2 in Fig. 4(a) . All the vortex lines originate from the wall surface where significant vorticity magnitude is present. Once lifted away from the wall, they follow the inclined surface of the separation region, after passing the summit, it drops in height, but, however, still follow the isosurface slope. The appearance of the vortex line forms an Ω-like shape. Similar analysis has been carried out on the vortex lines around reverse region 2 and Ω-like vortex lines are also resulted. The vortices as visualized in Fig. 6 can hence be concluded as imprints of the omega-shaped filaments and they are produced due to the strong shear between the core reverse flow and the surrounding fast-moving flow. Figure 5 . The three-dimensional representation of the rear separation regions using isosurface of
(a) (b) Figure 6 . The Ω-shaped vortex lines around reverse region 1.
C. Similar Vortical Structure in the Micro-Ramp Wake
Recalling the flow organization in the wake of the micro-ramp, a momentum deficit is at the center and a curved shear layer is then formed between the deficit region and free stream. Due to the instability of the shear layer, arch-shaped Kelvin-Helmholtz vortices are generated. This turbulent activity that happens in the wake has been substantially discussed by Sun et al 8 .
Comparing the two flow structures at the rear separation and the wake region, they are conceived to be similar, as both obtain low speed flow in the center and higher speed in the outer flow and a shear layer in between. In order to demonstrate that similar vortical structure also exists in the wake region, vortex lines are again sketched (see Fig. 7 ). Note that a total of three vortex lines are plotted. Q-criterion is chosen to feature the isosurface in Fig. 7 (a) and (b), so that the arch-shaped K-H vortices together with the streamwise vortices can be visualized simultaneously. The vortex lines follow the shape of the Q-isosurface, especially the round head portion.
In Fig. 7 (c) and (d), a streamwise velocity component of u=0.5U ∞ is chosen to represent the momentum deficit in the wake, all the vortex lines curve at the top to wrap the deficit region. These two observations, especially the later one, are rather similar as that in Fig. 6 where the vortex line also wraps the reverse regions.
By removing the isosurface, the three vortex lines are solely depicted in Fig. 8 
IV. Conclusions
Throughout the above discussion on the vortical structures in the rear separation and wake region several conclusions can be arrived:
1. The flow separation has been clearly revealed and the current numerical result confirms the experimental observation through the velocity contours.
2. The spiral points at the rear of the micro-ramp can now be understood as the cross-sections of the small scale vortices. Using the vortex line method, these vortices take the form of Ω shape and wrap the recirculation region.
3. As the micro-ramp wake obtains similar flow structure as the rear separation where high speed flow wrapping the low speed with shear layer in between. Similar Ω-shaped vortex line has been proofed. However the vortex lines in the wake region may exhibit extended leg portions corresponding to the streamwise vortices. A conceptual model for the common vortical structure for both the rear separation and the wake region is sketched in Fig. 9 .
4. Similarity between the current vortical structure and that in the wall bounded turbulence can be proposed. As the flow structure has larger scale, further effort to the micro-ramp flow is desired to be mirrored into the smaller scale wall turbulence. 
